Abstract. Highly-oriented polycrystalline thin films of molecular organic materials consisting of small molecules can be easily obtained by physical and chemical vapour deposition methods. The crystallographic phase, orientation and morphology of the films critically depend on the interface and on the kinetics of growth and can be controlled, to a certain extent, by a judicious selection of the substrates and of the growth parameters. This article shortly explores the formation of organic-inorganic heterostructures as a function of coverage: from the most fundamental case, a single molecule on a surface, to thick films (thickness ∼ 1 µm). The case of high-quality thick TTF-TCNQ films exemplifies the fact that the derived physical properties are essentially identical to those obtained from single crystals.
INTRODUCTION
The interest in thin films of molecular organic (MO) materials is focused mainly towards the academic and applications domains. Many applications of organic materials are nowadays based on polymers because of their remarkable properties and ease of preparation. Devices based on MO materials are, in general, under development although some applications, in particular as biosensors and organic light-emitting diodes (OLEDs), can be found in the literature [1] . MO materials are based on small purely organic or organometallic molecules usually in combination with inorganic or organic molecules in order to build hybrid structures, which can be regarded as chemically constructed multilayers [2] . Such structures can, in general, be obtained in the form of single crystals, which permits the characterization of their physical properties in a systematic way. The possibility of growing sufficiently large single crystals (e. g., by electrocrystallization) boosts the academic interest on MO materials. An example of an advantage over polymers is that many MO materials become superconductors at temperatures below 10K under ambient pressure [3] , while the only known polymeric system exhibiting a superconductor transition is crystalline (SN) x with a transition temperature T c of 0.26K [4] .
The field of MO materials is extremely active and the principal driving force is the permanent quest for new materials with improved or even exotic properties as e. g., higher T c values, ferromagnetism, multifunctionality, etc. In the last few years the surface science community has become increasingly interested on MO materials, bringing new insights to the field. The experimental determination of the band dispersion of the occupied states by Angle Resolved Ultraviolet Photoemission Spectroscopy (ARUPS) or the characterization of the in situ formation of sharp organic-inorganic (OI) interfaces by Low Energy Electron Diffraction (LEED) are two examples of the immense potentiality of surface science techniques. The next Section is intended to give a glimpse of the capabilities of such techniques concerning thin films of MO materials. Figure 1 shows the most relevant molecules discussed in the text. 
THIN FILMS
In this Section some relevant points concerning the formation of thin films will be discussed from the ideal situation where a single molecule interacts with a well-defined (defect-free crystalline) surface to the formation of micrometer thick films. The common perspective through this discussion is the contribution from surface science techniques.
Single molecules in substrates
When trying to understand the formation of thin films, that is the formation of heterostructures (e. g., OI), the first fundamental step consists on the study of the interaction of a single molecule with a surface. This implies in practice to work at sufficiently low coverages in order to avoid moleculemolecule lateral interactions. This situation is possible for sufficiently large molecule-substrate interactions and / or at cryogenic temperatures in order to avoid surface diffusion and thus the formation of 2D islands. Few remarkable recent examples on simple individual molecules on metallic surfaces are found in the literature, thanks to the availability of low temperature Scanning Tunnelling Microscopes (STM).
The first example of a simple molecule is acetylene (C 2 H 2 ). When adsorbed on Pd(111) it undergoes significant rehybridization and its linear symmetry is broken [5] : the point group of the unperturbed molecule, D ∞h , reduces to C 2v . For C 2 H 2 adsorbed on a Cu(100) surface [C 2 H 2 / Cu(100)] the tunnelling conductance (dI / dV, where I and V stand for tunnel current and bias voltage, respectively) as measured with an STM is shown to increase at V = 358 mV, resulting from the excitation of the C-H stretching mode. This technique, called Inelastic Scanning Tunnelling Spectroscopy (ISTS), has opened the possibility of performing vibrational spectroscopy with single molecules on surfaces [6] . Furthermore, inelastic tunnelling electrons can be used to induce selectively either the translation or desorption of individual molecules as has been recently shown for NH 3 / Cu(100) [7] . Chemical reactions between two molecules have also become possible with STM as demonstrated e. g., for C 6 H 5 I, producing a single biphenyl molecule [8] . STM permits the visualization of HOMO bands with spatial resolution of adsorbed molecules, as shown e. g., for C 60 / Si(111) 7×7 [9] . Other interesting examples can be found in the literature, but those reported here represent state-of-the-art measurements.
Submonolayer and monolayer regime
By increasing the coverage, molecule-molecule lateral interactions set in and the competition between molecule-substrate and molecule-molecule interactions results in the registry of the organic layer relative to the substrate surface. Since the lattice mismatch between both lattices (overlayer and substrate) is, in general, large the term epitaxy should be senso stricto avoided. Instead concepts based on lattice coincidence or registry, as that developed by Hooks, Fritz and Ward (HFW) [10] , should be used. According to the HFW model the degree of registry can be divided into the following categories: commensurate, coincident and incommensurate. Most of the systems are incommensurate. Examples of commensurate systems are: EC4T / Ag(111) [11] , PTCDA / Ag(111) [12] , DMe-DCNQI / Ag(110) [13] and CuPc / InAs(111)-2×2 [14] , to mention a few (EC4T stand for end-capped 4-thiophene).
The submonolayer and monolayer regimes are best studied by means of surface science techniques. In particular the in situ growth can be characterized provided the growth process is not perturbed during the measurement. Some interesting examples are given next: PTCDA / Au(111) [15] , DMe-DCNQI / Ag(110) [13] , pentacene / Si(100) [16] and pentacene / Ag(111) [17] . In the case of PTCDA / Au(111) the selected technique is Grazing Incidence X-Ray Diffraction (GIXRD) and it is clearly evidenced that the film structure and morphology strongly depend on the experimental conditions (substrate temperature, deposition rate, etc.) and that the evolution of the film growth can become quite complex, in particular when the molecule-substrate interaction is relatively strong [15] . In situ LEED measurements are quite rare even for inorganic-inorganic heterostructures because of the experimental set-up, where the sample has to be mounted perpendicularly to the electron gun and metallization of the grids should be avoided. Seidel and co-workers [13] have managed to adapt an evaporator to a LEED system maintaining a low electron dose. For the DMe-DCNQI / Ag(110) it is observed that upon increase of coverage, in the monolayer regime, two differentiated commensurate structures appear (I and II) and that compression of structure II leads to an incommensurate system. Boosted by the interest on Organic Thin Film Transistors (OTFTs) many research groups were involved in the growth of pentacene thin films. Under typical experimental conditions the vacuumdeposited films exhibit high nucleation densities with average grain sizes of about 1 µm, which is not sufficient for device applications because excessive density of charge pinning centers. Nucleation density strongly depends on the substrate and Meyer and co-workers [16] have shown that grain sizes as large as 100 µm can be achieved on Si(100) substrates at room temperature and their fractal growth can be characterized in real time by means of Low-Energy Electron Microscopy (LEEM), mainly operated in the Photoelectron Emission Microscopy (PEEM) mode. In situ control of film growth can be also achieved by Low Energy Atom Diffraction (LEAD), where a ∼ 15 meV monochromatic He beam is used. This technique has been successfully applied to pentacene / Ag(111) [17] .
Nanometer-thick films
OI and organic-organic (OO) heterostructures are the basis for device operation. Heterostructures can be defined as heterogeneous structures built from two different materials, in such a way that the interface between the different materials plays an essential role in any device action [18] . Perhaps the most studied case corresponds to Organic Light-Emitting Diodes (OLEDs), usually comprising a structure of hole transport layer, electron transport layer, and emissive layer and several metal-organic and OO interfaces. The understanding of the electronic structure of these interfaces is of paramount importance in order to evaluate the performance of the devices and their further improvement obtaining e. g., efficient carrier injection and transport.
For nanometer-thick coverages the bulk material properties are usually encountered but at the interface they may differ. This is nicely illustrated for CuPc / Al(100), where CuPc stands for copper phthalocyanine. At the interface CuPc is directly bonded to the aluminium surface, which inhibits certain bulk optical transitions, found for thicker films, because unoccupied π* orbitals become filled due to charge transfer from the metal [19] .
The most fundamental feature of a heterostructure is its electronic structure. For organic-metal interfaces charge exchange and adsorbate-induced modifications of the metal work function lead to interface dipole barriers ∆, defined as the relative shift between the corresponding vacuum levels. Common ∆ values are 0.5-1.0 eV as determined by photoemission [20] . In the case of OO interfaces the Schottky-Mott rule (alignment of vacuum levels, thus ∆ = 0) is expected to apply, because of the weak interactions at the interface. However, some examples are found where ∆ ≠ 0: PTCDA / Alq 3 with ∆ = 0.5 eV and PTCDA / CuPc with ∆ = 0.4 eV [21] .
Micrometer-thick films
The band dispersion of the occupied states of TTF-TCNQ along the b-direction has been experimentally derived by means of ARUPS [22, 23, 24] and compared to available calculations. The energy distribution curves from references [22] and [23] , performed on high quality single crystals, are rather similar and show two clearly differentiated regions: (i) 0 ≤ E < 0.8 eV and (ii) E ∼ 1.5 eV, where E represents the binding energy referred to the Fermi level. Calculations using plane-waves by Ishibashi and co-workers [25] and Claessen and co-workers [23] using norm-conserving pseudopotentials and a Local Density Approximation (LDA), respectively, predict a dispersing band (TTF-based) from the Fermi level down to ca. 0.5 eV below it and a second band at ca. 1.5 eV. There is thus a discrepancy between the measured and predicted TTF bandwidth.
High quality thin films of TTF-TCNQ can be obtained by sublimation in high vacuum [26] . For given combinations of annealing during growth and post-growth annealing the grain size can be noticeably increased (maximum length of about 5 µm) and the grain boundaries thus reduced [27] . This has lead to the clear observation of the Peierls transition in those films with conduction barrier energies or activation energies below 25 meV (see Fig. 2 ). On thin films grown at room temperature, in order to avoid surface damage during annealing, ex situ UPS has been performed and surprisingly the same energy dispersion as that found for single crystals has been found, which is a strong indication of the single crystalline nature of the microcrystals and that their surfaces are clean and well-ordered [28] . In this case the activation energy is ca. 30 meV and the microcrystals exhibit a maximum mean length of about 1.5 µm. The ARUPS spectra of thin films and single crystals differ by a ca. 50 meV shift for thin films, in addition to the ca. 60 meV pseudo-gap already observed in the metallic phase in single crystals, induced by grain boundaries. All ARUPS measurements discussed here have been performed at about liquid nitrogen temperature because at room temperature thermal vibrations induce disorder and thus no dispersion is observed. Figure 3 shows the XPS N1s line obtained at room temperature where three main contributions can be inferred. A least-square fit with Gaussians gives the following binding energies: E 1 = 398.1 eV, E 2 = 399.8 eV and E 3 = 401.4 eV. Shake-up satellites, associated with the HOMO and LUMO bands of the cyano groups, have been associated to peaks 1 and 2. These satellites are shifted towards higher binding energies (2.53 eV) and with a satellite to peak ratio of 0.19, in agreement with previous XPS studies [29] . The fit improves when peak 1 becomes asymmetric by convoluting the power law function 1 / E 1-α with a Gaussian of half-width at half-maximum Γ, a modification of the Doniach-âXQMLü OLQHVKDSH >@ α is an asymmetry parameter associated to the metallic character of the material, parametrizing the screening of the core hole generated by the photoemission process by conduction band electrons (electron-hole tail). From the fit α = 0.24, in agreement with values found for inorganic metals. Sing and co-workers [24] obtain α = 0.11 from their fit using the original (Lorentzian-based) Doniach-âXQMLü OLQHVKape. The main peaks have binding energies of 398.1 and 399.8eV, respectively, which correspond to charged and neutral TCNQ. The shoulder at 401.4 eV most probably corresponds to N-O bonding arising from OH groups adsorbed at grain boundaries. Spectra taken at 34K show a decrease of the neutral TCNQ line because of the reduction of surface oscillations [28] .
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The XPS analysis strongly suggests that charged and neutral TCNQ may coexist at the surface. For single crystals the neutral TCNQ contribution is smaller than for thin films, as expected since the crystals are cleaved in situ, thus avoiding exposure to atmosphere [24] . The origin of neutral TCNQ at the surface remains to be elucidated but one might speculate either a dynamical nature, if the neutral to charged conversion period is larger than the characteristic time of the photoexcitation process, or of static nature, in the case of incomplete charge transfer. In the case of thin films that have been exposed to atmosphere neutral TCNQ might presumably allocate at grain boundaries. The fact that Γ 1 (0.8 eV) < Γ 2 (1.5 eV) points towards this direction since larger values of Γ is indicative of disorder. The coexistence of bulk charged and neutral species in molecular organic materials has been confirmed for the quasi 1D organic conductor diperylene hexafluorophosphate as determined by high-resolution Nuclear Magnetic Resonance (NMR) [31] . According to recent first-principles Density Functional Theory (DFT) calculations performed for neutral TTF and TCNQ and for TTF-TCNQ, neutral TCNQ exhibits a non-dispersing occupied band at ca. 0.8 eV below the Fermi level [32] , where a feature is found in the ARUPS spectra for both single crystals and thin films. To which extent neutral TCNQ might contribute to the ARUPS spectra is still an open question. However, the fact that the ca. 0.8 eV feature exhibits a similar intensity for both single crystals and thin films, despite differentiated neutral TCNQ contributions to the XPS N1s line, suggests an intrinsic origin, perhaps associated to the non Fermi-liquid nature of 1D systems. Recently, Claessen and co-workers [23] have suggested that the measured occupied states dispersion is compatible with a 1D Hubbard model at finite doping, suggesting separation of charge and spin. This certainly appealing result calls for further investigations on other 1D materials, although some experimental difficulties have been reported for Bechgaard salts, due to surface radiation-induced damage [22, 24] .
CONCLUSIONS
Surface science has already brought new insights to the MO materials community and will certainly produce a wealth of new interesting results in the next years, especially when combining surface science techniques with synchrotron radiation. Modifying a celebrated sentence from R. P. Feynmann we can say that there is plenty of room for surface science research in the field of MO materials. 
